Hydroxy-methyl-glutaryl (HMG) CoA reductase inhibitors (statins) are the most effective medications for managing elevated concentrations of low-density lipoprotein cholesterol (LDL-C). Resultantly, they are among the most prescribed drugs in the United States and world. Statins are well-tolerated, but mild central nervous system (CNS) symptoms such as memory loss and attention decrements are second to muscle complaints as the most commonly reported adverse effects of these drugs. 1, 2 Studies assessing cognitive effects of statins vary widely and have produced inconclusive findings, in part because many studies have been observational and thereby prone to prescription bias. 3, 4 In general, randomized control trials have found little or no effect of statins on cognitive outcomes, [5] [6] [7] and meta-analyses have also found little evidence of adverse cognitive side effects associated with statins. 8, 9 Despite the paucity of data on adverse cognitive side effects with statin therapy, the FDA in 2012 added memory loss and confusion to the safety label for statins, based on case reports 2, [10] [11] [12] and data from the Adverse Events Reporting System. 13 Studies involving the effects of statins on cognition have typically assessed cognitive function using traditional cognitive tests, which may yield small effect sizes and demonstrate high intra-participant variability. 14 This may explain the discrepancy between clinical trials and patient self-reports, and could be addressed by utilizing CNS tests that directly assess brain parameters. Accordingly, in the current study we used functional magnetic resonance imaging (fMRI) to assess neural activation in adults treated with 80 mg atorvastatin or placebo for 6 months. We hypothesized that changes in neural activation with high dose atorvastatin treatment would differ from the changes in neural activation with placebo.
Methods

Study overview
Participants aged ≥20 years were recruited from a randomized, double-blind, placebo-controlled clinical trial (Effect of Statins On Skeletal Muscle Performance (STOMP); NCT00609063) which was designed to assess the incidence of muscle side-effects in 420 healthy, statin-naïve adults. 15 Baseline measurements were obtained and participants were randomized in a double-blind fashion to either 80 mg atorvastatin or placebo daily for 6 months as per the published methods of the parent trial. 16 The STOMP cognitive sub-study was funded 3 years after the parent study and thus the study design was based on recruiting participants already in the study, performing on-drug study cognitive assessments at the end of the treatment period, and repeating these measurements after participants had completed a drug washout period. Consequently, participants who agreed to participate in the STOMP cognitive sub-study underwent cognitive testing after 6 months on study drug consisting of paper-based neuropsychological tests and functional magnetic resonance imaging (fMRI) to assess neural activation during two in-scanner tasks. These neuropsychological and fMRI tests were repeated after the participants ceased study drug for two months. Blood lipid levels were assessed at both time points. The study was approved by the Institutional Review Board at Hartford Hospital and monitored by an NHLBI-approved Data Safety and Monitoring Board. Funded was provided by NHLBI 1R01HL098085-1. One author (BAT) had full access to all the data in the study and takes responsibility for its integrity and the data analysis. The authors are solely responsible for the design and conduct of this study, all study analyses, the drafting and editing of the paper and its final contents.
Participant inclusion/exclusion criteria
Possible participants (n = 293) were screened for the STOMP cognitive sub-study with 91 randomized to placebo and 75 to atorvastatin (Figure 1) . Participants in the STOMP study were not included if they had cancer within 5 years, a baseline alanine aminotransferase (ALT) value N2 times the upper limit of normal (ULN), a creatinine level N2 mg/L, an abnormal thyroid-stimulating hormone (TSH) level, a history of cardiovascular disease, or diabetes mellitus. Women who were pregnant or planned to become pregnant were not recruited, nor were individuals treated with medications known to affect skeletal muscle, to alter statin metabolism, or to impact blood cholesterol levels. Participants with hypertension were recruited if their blood pressure was controlled and ≤140/90 mmHg at baseline. Additional exclusion criteria specific to the cognitive sub-study included: consumption of N2 alcoholic drinks per day, reported illicit drug use, and/or history of auditory or visual impairment, past traumatic brain injury, or any neurologic illness that could affect the brain. Participants who reported any form of mental illness (e.g., depression, anxiety, schizophrenia), developmental or learning disorder, or with cognitive impairment determined by the Mini Mental State Exam (MMSE) during the initial screening process (score b23) were also excluded. Participants were removed from the study at any point of assessment if their creatine kinase (CK) level exceeded 10 times UNL, if their ALT level exceeded 2 times UNL for two measurements within one week or if their TSH level exceeded 5.00 U/L.
Neuropsychological measurements
A trained neuropsychologist (ST) performed the cognitive testing by using the Hopkins Verbal Learning Test-Revised (HVLT-R; auditory memory), 17 the Brief Visuospatial Memory Test-Revised (BVMT-R; visual memory), 18 24 and the Cognitive Failures Questionnaire (CFQ; self-reported failures in perception, memory, and motor function). 25 Alternative test versions of the HVLT-R and BVMT-R were used pre-and post-study to avoid a learning effect.
Functional magnetic resonance imaging (fMRI) assessments
We used two well-established paradigms to probe both working memory and long-term memory function, in verbal and nonverbal domains, using blood oxygen level dependent (BOLD) fMRI. The Figural Memory task 26, 27 is a visual encoding and recognition paradigm that consistently activates medial temporal, cingulate, inferior frontal, and posterior parietal brain regions during correct encoding across a wide age range. 28 The task stimuli consists of black abstract line drawings, designed to minimize verbal encoding, presented against a white background. Participants performed separate encoding and recognition phases during fMRI scanning. During encoding, participants were presented with 20 target stimuli that are hard-to-encode-verbally (duration 3 s, inter-stimulus interval [ISI] 4 s) to memorize. Following a 5-minute rest (with no intervening cognitive task), participants completed a recognition phase, during which 20 target and 20 similar -appearing distractor stimuli were presented in a fixed pseudo-random order, each for 3000 ms with an ISI of 4000 ms. Participants used a press button on a fiber-optic response device to indicate whether or not each stimulus was/was not in the encoding phase set. The figural memory task was analyzed as an event-related design, with responses during recognition used to determine the event types during the encoding phase.
The Verbal Working Memory task is a modified version of the Sternberg item selection paradigm, 29 which produces reliable activation of dorsolateral prefrontal, anterior cingulate, posterior parietal, and subcortical brain regions. 30 This fMRI task consisted of three separate phases: encoding, maintenance, and retrieval. During encoding, participants were presented with sets of consonants (duration 2500 ms) and were instructed to memorize them. Working memory load was manipulated by varying the number of consonants in the set among 2, 4, and 6. Each encoding phase was followed by a maintenance phase of 12 seconds. In the retrieval phase, participants were presented with a probe letter and asked to press a button to indicate whether or not the probe was included in the memorized set. The task comprised 18 trials consisting of randomly generated stimulus letter sets, with half of retrieval trials presenting target probes and half presenting distractor probes, and an equal number of trials for each load. Participants performed two runs of the task at each measurement point. The verbal working memory task was also an event-related design, with each trial divided into encoding, maintenance, and retrieval phases.
Image acquisition
Imaging data were collected on a Siemens 3 T Allegra system. Structural imaging was acquired with a sagittal T1 
Demographic, blood lipid and neuropsychological analyses
All statistical analyses were conducted with IBM SPSS Statistics for Windows, Version 22.0 (Armonk, NY: IBM Corp). Standard diagnostics including histograms, normal probability plots, and residual analysis were used to determine whether the parametric assumptions (e.g., variance homogeneity, normality) of the models were met. Appropriate transformation of the data and/or analogous non-parametric methods were used as necessary. Baseline characteristics were compared using analysis of variance, the Kruskal-Wallis test, or the chi-squared test, as appropriate. A linear mixed effects model for repeated measurements which incorporated time as the within-participants factor and statin treatment as the between-participants factor was used. The main variable of interest in the model was the estimate for the interaction between time and statin treatment. Participants were defined as the random factor; all other variables were fixed within the model. Sex was included as a between-participant factor and age as a covariate. The proportion of participants demonstrating changes in the Cognitive Failures Questionnaire was compared between the statin and placebo groups using chi-square statistics. For neuropsychological test scores, scores were analyzed in three ways: as raw scores (Table II) , t-scores, and z-scores (data not shown).
Imaging analyses
Functional images were preprocessed and modeled using an in-house pipeline incorporating FSL (https://fsl. fmrib.ox.ac.uk/fsl/fslwiki/FSL) and SPM (http://www.fil. ion.ucl.ac.uk/spm/software/), utilizing similar methods as our previous work. 31, 32 The first six volumes were discarded to allow for T1 saturation effects. Images were realigned and spatially normalized to Montreal Neurological Institute (MNI) standardized space. For the figural memory task, images were resampled to 3×3×3 mm voxels, and smoothed with a 6 mm full-width, half-maximum Gaussian filter. For the verbal working memory task, images were resampled to 2×2×2 mm voxels, and smoothed with a 6 mm full-width, half-maximum Gaussian filter. Datasets were inspected for motion, and those with N3 mm displacement were excluded. In addition, scan and behavioral data were examined for completeness and valid behavioral responses (e.g., not responding "yes" to all probe items). For the figural memory task, BOLD response was modeled as in our previous work, 28 based on behavioral performance, while covarying for motion and linear trends. Trials from the encoding phase were modeled as correctly encoded if they were subsequently identified as targets during the recognition phase. Targets that were identified as distractors (i.e., misses) in the recognition phase were categorized as incorrectly encoded. Events in the recognition phase were coded as hits, misses, false alarms, and correct rejections. BOLD response for each event type was modeled using a canonical hemodynamic response function fitted to the onset and duration of each event, with duration of 3 seconds for encoding phase events, and reaction time determining the duration of recognition phase events. For the verbal working memory task, BOLD response was modeled for encoding, maintenance, and retrieval phases based on a synthetic hemodynamic response function and temporal derivative, while covarying for motion and linear trends. In addition, BOLD response contrast was modeled for the parametric effect of increasing working memory load.
Whole-brain group level analyses of BOLD response contrasts were conducted using Analysis for Functional NeuroImages (AFNI) version 2016_01_16_16.00. 33 BOLD response contrast was examined at the group level for correct encoding and for recognition hits on the figural memory task. For the verbal working memory task, group level analyses examined BOLD response during encoding, maintenance, and retrieval phases, as well as the parametric interaction term representing change in BOLD response with increasing working memory load during each phase. For each contrast of interest, we ascertained the group × time interaction while controlling for age and sex. In order to avoid inflated false positive rates, 34 we used rigorous multiple-comparisons corrections with cluster volume and voxel thresholding (voxel-wise P b .001), determined through Monte-Carlo simulation, 35 yielding a whole-brain α = .05. 34 To interpret significant results, we extracted average BOLD response in each cluster for each participant and examined the pattern of simple effects in SPSS. In addition to our main outcome measure, we also conducted single sample t-tests (voxel-wise P b .001, uncorrected) for the off-medication scan for each BOLD response contrast of interest in order to confirm that typical activation patterns were elicited in our sample.
Results
Participants (84 placebo, 66 atorvastatin) completed the study with neuropsychological and blood lipids data (Figure 1 ). Participants were excluded from fMRI analysis if they did not have complete scans at both time points due to significant motion artifact, invalid behavioral responses, inability to complete in-scanner testing, or incomplete/ corrupted fMRI data. This yielded a sample size of 77 participants (42 placebo, 35 atorvastatin; 73 excluded) for the Figural Memory task and 120 participants (68 on placebo, 52 on atorvastatin; 30 excluded) for the Verbal Working Memory task.
Total cholesterol, LDL cholesterol and triglycerides at 6 months were lower with atorvastatin (all P b .01; Table I ), but not different between groups 2 months after treatment cessation (all P N .42).
Neuropsychological test scores were largely unchanged with drug therapy (raw scores only shown in Table II ); HVLT-R raw, z-and t-scores for total and delayed recall in the total sample improved when participants were retested off study drug (P = .01 and 0.04, respectively). The only significant drug*time interactions were observed for raw scores on Stroop Color-Word testing (P b .01) where the placebo group improved with treatment cessation relative to on treatment, and the 18-Point Clock Test (P = .02), where the placebo group demonstrated a reduction in score off relative to on treatment.
There was no difference in change in the CFQ scores on/off treatment between the atorvastatin and placebo groups (Table I ). There were also no differences between treatment groups in individual questions except for Q17 (Do you forget where you put something like a newspaper or book?), in which the placebo group displayed a slight increase in mean score off treatment (change score ± SD: 0.35 ± 0.63) compared to the statin group (−0.04 ± 0.75, P = .04). A chi-square analysis compared the number of participants who answered 3 "quite often" or 4 "very often" on all questions between treatment groups on vs off treatment and did not find any atorvastatin effect (all P N .10). Additional repeated measures and chi square analyses for total scores on questions grouped into 4 different domains (memory, distractibility, blunders, and names) also showed no significant differences between groups on vs off treatment (all P N .12).
There was a group × time interaction in bilateral paracentral lobule/precuneus during the encoding phase of the Figural Memory Task, (Table III and Figure 2 ). In this region, participants on atorvastatin had more response than participants on placebo while on study drug (F(1,73) = 8.06, P = .006), but less response than patients in the placebo group after the drug washout period (F(1,73) = 11.82, P = .001). Neither group showed a significant change in BOLD response between scans (Atorvastatin: F(1,32) = 0.11, P = .747), Placebo: F(1, 39) = 0.05, P = .826)). There were no group × time effects on neural response during recognition hits. There were also no group × time effects on any behavioral data from the task, including hits, misses, correct rejections, false alarms, and d-prime (all P N .68). Single sample t-tests of the off-treatment scan revealed activation patterns similar to those observed in our previous work utilizing this task, 28, 31 confirming typical activation patterns in the current sample.
During the maintenance phase of the Verbal Working Memory Task, there was a group × time interaction in the right putamen extending into the right globus pallidus (Table III and Figure 3) . In this region, participants on atorvastatin had less BOLD response compared to participants on placebo while on treatment (F(1116) = 8.30, P = .005), but after the treatment washout period, participants in the atorvastatin group had more BOLD response than participants in the placebo group (F(1116) = 12.84, P b .001). The atorvastatin group also showed a trend toward an increase in BOLD response between scans (F(1,49) = 3.78, P = .055), whereas the placebo group showed no change in BOLD response over time (F(1,65) = 0.95, P = .33). There were no group × time effects during the encoding phase or the retrieval phase, and there were no parametric effects of increasing memory load during any phase. There were also no group × time effects on any behavioral data from the task, including identification of incorrect or correct probes for 2, 4 and 6 consonants and accompanying reaction time (all P N .16). Single-sample t-tests of the off-medication scans demonstrated activation patterns in the current sample similar to our previous work. 32 Data expressed as mean (SD). * indicates significant difference between atorvastatin and placebo groups at P b .01. C = cholesterol; LDL = low-density lipoprotein; HDL = high-density lipoprotein; TRIG = triglycerides.
Discussion
To the best of our knowledge and literature review, this study is the first to investigate the effects of statins on the central nervous system by utilizing fMRI to assess brain neural activation in healthy adults treated with 80 mg atorvastatin or placebo. We detected few changes attributable to statin therapy with standardized neuropsychological tests, a finding similar to that from previous clinical trials. 5, 36 However, participants on atorvastatin demonstrated altered patterns of neural activation on vs. off statin compared to participants treated with placebo. Unexpectedly, the treatment groups differed at both time points. The clinical implications of these findings are unclear and warrant additional clinical trials.
A meta-analysis of 14 studies with 27,643 participants failed to show significant adverse effects of statins on standard neuropsychological cognitive tests. The authors questioned whether the FDA warning on statins and cognition was appropriate. 8 However, case reports of memory decrements with statin therapy continue to be published, 37 and patients report cognitive side effects as a leading cause of statin intolerance. 38 The discrepancy between self-report and clinical trials data could be due to a nocebo effect, such as observed with some statin-associated muscle symptoms, 39, 40 or it could be due to the small effect sizes and learning/practice effects associated with repeated neuropsychological tests. 6, 7 Direct measures of brain structure and neural activation could supplement data from standard cognitive tests. The PROSPER trial did not observe changes in brain structure or cerebral blood flow after 3 years of pravastatin therapy, 41 but prior to this no study has used fMRI to evaluate changes in brain neural activation with statin therapy.
On the Figural Memory Task, we observed a group × time interaction during correct encoding in a small cluster spanning the bilateral paracentral lobule and anterior precuneus. Specifically, participants on 6 months atorvastatin showed less response than participants on placebo, and this effect was reversed following drug washout. This region is associated with sensorimotor function 42 and is not typically activated by this task 28, 31 or other memory paradigms. 43 Moreover, regions most consistently associated with this paradigm, such as medial temporal, posterior parietal, and inferior frontal cortices, were activated by both groups during the post-treatment scan, and showed no group × time interactions. Further, we observed no group × time effects during recognition. In contrast, during the Verbal Working Memory Task maintenance phase, we observed a group × time interaction in the left putamen and globus pallidus. Specifically, participants on 6 months of atorvastatin therapy demonstrated less response than participants on placebo, but more response after drug discontinuation. These structures contribute to a basal ganglia network involved in working memory function. 44 However, both groups differed in opposite directions at each time point, and neither group showed a significant change between on-and off-treatment scans. In addition, there were no group × time effects during encoding or retrieval, and no group × time effects on activation related to working memory load. Moreover, while groups engaged typical working memory regions, 44 including prefrontal, anterior cingulate, and posterior parietal cortices, no group × time interactions were seen in these regions for any task phase. Finally, for both tasks, there were no differences with drug treatment in the behavioral measures that represent task accuracy. In sum, these findings do not provide convincing evidence of measurable verbal or nonverbal memory dysfunction due to statin medications, and support the large body of literature suggesting that in most healthy adults, statins do not evoke measurable adverse cognitive side effects. However, it is possible that these altered patterns of neural activation could underlie the occasional reports of memory loss and confusion reported in surveillance data and as case reports and observational studies. For example, we reported a patient who complained of adverse cognitive side effects during atorvastatin therapy and demonstrated altered fMRI activation patterns during the Sternberg Task during statin treatment. 12 In addition, both the precuneus and putamen contribute to memory and learning processes, with the latter impacted by pathologies such as Alzheimer's and Parkinson's disease (46,47). Consequently, future studies are needed to confirm and expand our findings and assess their relationship to clinical sequelae.
Limitations
The current study has several limitations. Results are likely dose and statin specific, and some data suggest that atorvastatin has the greatest frequency of cognitive complaints. 2 We did not investigate the long-term effects of atorvastatin on memory function since STOMP was only a 6 month study, but the majority of cognitive complaints occur within 2 months of initiating statins.
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The median time to onset of statin-associated cognitive complaints is 5 months. 2 The short duration of the study also indicates that observed changes are attributable to drug treatment rather than cognitive decline. The two-month washout period may also have been insufficient and could be responsible for our observed group-time interactions, although reported recovery from statin-associated cognitive complaints begins at a median time of 1.5 weeks and reported maximal recovery occurs at 8 weeks. 2 The parent STOMP trial, which provided participants for this ancillary trial, necessitated our using an on-vs. off-drug measurements order, which could produce a learning effect associated with repeated cognitive, behavioral and fMRI measurements. The use of a placebo group, alternative versions of cognitive tests where applicable and fMRI tasks, and administration of a practice session prior to fMRI testing should have reduced this potential bias.
Conclusions and future directions
Published studies and reports of statin-associated cognitive complaints indicate that the potential adverse effects of statins on cognition are rare. Meta-analyses also find little effect of statins on cognition in healthy adults, although two randomized clinical trials 6, 7 found slightly diminished cognitive test scores, (exhibited largely as a lack of a learning effect, in adults not complaining of cognitive changes during low-dose simvastatin and MNI coordinates refer to maximum intensity voxel within each cluster; F statistic, effect size, observed power, and group activation.
Marginal means refer to averages across each cluster, controlling for age and sex.
lovastatin administration). Our study also found few observable cognitive effects of high dose, short duration atorvastatin treatment, even when CNS function was measured directly. The small but significant alterations in regional neural activation with statin therapy require confirmation in larger trials, since they may indicate a mechanism for cognitive complaints. If confirmed, future studies are needed to examine the clinical consequences of altered neural function with statin therapy, and should study those rare patients who present with statin-related cognitive complaints. Neural activation during Verbal Working Memory Task. Group × time interaction on fMRI response during Verbal Working Memory Task maintenance phase.
